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ABSTRACT
We combine data from ALMA and MUSE to study the resolved (∼300 pc scale) star
formation relation (star formation rate vs. molecular gas surface density) in cluster
galaxies. Our sample consists of 9 Fornax cluster galaxies, including spirals, ellipticals,
and dwarfs, covering a stellar mass range of ∼ 108.8−1011 M. CO(1-0) and extinction
corrected Hα were used as tracers for the molecular gas mass and star formation
rate, respectively. We compare our results with Kennicutt (1998) and Bigiel et al.
(2008). Furthermore, we create depletion time maps to reveal small-scale variations
in individual galaxies. We explore these further in FCC290, using the ‘uncertainty
principle for star formation’ (Kruijssen & Longmore 2014a) to estimate molecular
cloud lifetimes, which we find to be short (<10 Myr) in this galaxy. Galaxy-averaged
depletion times are compared with other parameters such as stellar mass and cluster-
centric distance. We find that the star formation relation in the Fornax cluster is close
to those from Kennicutt (1998) and Bigiel et al. (2008), but overlaps mostly with
the shortest depletion times predicted by Bigiel et al. (2008). This slight decrease
in depletion time is mostly driven by dwarf galaxies with disturbed molecular gas
reservoirs close to the virial radius. In FCC90, a dwarf galaxy with a molecular gas
tail, we find that depletion times are a factor & 10 higher in its tail than in its stellar
body.
Key words: galaxies: clusters: individual: Fornax – galaxies: star formation – galax-
ies: evolution – galaxies: ISM
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1 INTRODUCTION
Galaxy clusters are known to harbour relatively many pas-
sive, elliptical galaxies compared to the field (e.g. Oemler
1974; Dressler 1980). This suggests that clusters are extreme
environments that are capable of quenching the star forma-
tion in galaxies. It has been known for a few decades that
atomic hydrogen is affected by these environments (Haynes
et al. 1984; Cayatte et al. 1990; Solanes et al. 2001; Gavazzi
et al. 2005; Jaffe´ et al. 2015; Scott et al. 2018) through pro-
cesses such as ram pressure stripping (RPS, Gunn & Gott
1972), galaxy-galaxy interactions (Moore et al. 1996), and
starvation (Larson et al. 1980). It was not until much more
recently that evidence started to accumulate that the molec-
ular gas in cluster galaxies can also be directly affected by
the cluster environment (e.g. Vollmer et al. 2008; Fumagalli
et al. 2009; Boselli et al. 2014b; Zabel et al. 2019). Since
molecular gas is the direct fuel for star formation, this could
have serious consequences for the star formation in cluster
galaxies, and it begs the question whether they still follow
“traditional” star formation relations (i.e. the ones found by
Schmidt (1959); Kennicutt (1998), and Bigiel et al. (2008)
(hereafter K98 and B08, respectively).
The star formation relation links the observed star for-
mation rate surface density ΣSFR to the total gas surface
density ΣHi+H2 . It was first shown by Schmidt (1959) and
Kennicutt (1998), who found that, on galaxy scales, the
two are related by the power law ΣSFR ∝
(
ΣHi+H2
)n
where
n = 1.4±0.15. They used integrated measurements for entire
spiral and starburst galaxies, ∼40% of which are located in
the Virgo cluster, and they used Hα to trace their star for-
mation. Since this discovery, many others have studied this
relation in a variety of contexts. It has, for example, been
shown that a similar, possibly even stronger correlation ex-
ists between the molecular gas surface density ΣH2 and ΣSFR
(e.g. Wong & Blitz 2002; Leroy et al. 2008; Bigiel et al. 2008;
Schruba et al. 2011; de los Reyes & Kennicutt 2019). Bigiel
et al. (2008) studied a more diverse sample of galaxies on
sub-kpc scales, and found a linear relation between both sur-
face densities on these smaller scales. Other studies focused
on (variations within) individual galaxies (e.g. Ford et al.
2013; Utomo et al. 2017), or compared results for individual
molecular clouds to those for entire galaxies (e.g. Lada et al.
2012). The Physics at High Angular Resolution in Nearby
GalaxieS survey (including PHANGS-ALMA, PI: E. Schin-
nerer, e.g. Leroy et al., in prep., and PHANGS-MUSE, PI:
E. Schinnerer, e.g. Kreckel et al. 2019) will study the star
formation relation in nearby, face-on spiral galaxies with un-
precedented resolution (<100 pc). The K98 relation has re-
cently been revisited by de los Reyes & Kennicutt (2019),
who showed that this relation is still a good approximation
for the star formation relation (they find a power law with
n = 1.41, with similar dispersion). Moreover, they obtain
this relation from spiral galaxies only, not including star-
bursting galaxies. They also find that ΣSFR scales roughly
linearly with H2, while it only weakly depends on Hi. This
is in agreement with the resolved studies described above.
While the initial sample from which the star formation
relation was derived mainly consisted of spiral galaxies and
galaxies located in the field, it has been shown to hold for
samples consisting of cluster spiral galaxies exclusively. For
example, Vollmer et al. (2012) investigated the influence of
environment on the gas surface density and depletion time
in 12 spiral galaxies in the Virgo cluster on a pixel-by-pixel
(of the order kpc in size) basis. The depletion time (tdep) is
the ratio of the molecular gas surface density and the star
formation rate (the star formation efficiency, SFE, is the
inverse of this ratio). While they find that depletion times
are mostly unaffected, they do report increased depletion
times in the extraplanar gas of three spiral galaxies, likely
caused by the loss of gravitational confinement of stripped
gas and the associated pressure of the disk. Their work was
an extension of the work by Fumagalli & Gavazzi (2008),
who showed that the bulk of the star formation in spiral
galaxies is fuelled by a molecular interstellar medium (ISM),
but that the atomic gas is important for the star formation
activity in the outer parts of the disks.
The star formation relation has been studied in several
Virgo cluster galaxies, e.g. NGC4501, a galaxy undergoing
RPS, and NGC4567/68, an interacting pair, by Nehlig et al.
(2016), and NGC4330, NGC4402, and NGC4522, all spirals
undergoing RPS, by Lee et al. (2017). While no significant
deviations from the K98 relations are found, some regions
with modified depletion times were observed in compressed
parts of RPS galaxies and the interacting pair. Furthermore,
they found locally increased SFRs on the sides of the galax-
ies where the intracluster medium pressure acts, and the
opposite on the other side.
The GAs Stripping Phenomena in galaxies (GASP)
with the Multi Unit Spectroscopic Explorer (MUSE) sur-
vey targeted 114 RPS galaxies, specifically to study gas re-
moval processes in galaxies in different environments (Pog-
gianti et al. 2017). In this context, studies by Vulcani et al.
(2018), Ramatsoku et al. (2019), and Moretti et al. (2018)
have found that RPS can enhance the SFR in galaxy disks
by 0.2 dex, and that depletion times in the disks of RPS
galaxies are decreased, while they are increased in their tails
(with a difference of a factor ∼10).
So far, studies of the star formation relation in cluster
galaxies have been performed almost exclusively on spiral
galaxies in the Virgo cluster. In this paper, we will study the
star formation relation in 9 Fornax cluster galaxies, in the
context of the ALMA Fornax Cluster Survey (AlFoCS). The
aim of AlFoCS is to study the effects of the cluster environ-
ment on galaxy evolution (in particular the cold molecular
ISM), by targeting 30 Fornax galaxies with the Atacama
Large Millimeter/submillimeter Array (ALMA, see Zabel
et al. 2019, hereafter Paper I). The Fornax cluster is the
smaller sibling of the Virgo cluster, at a similar distance (∼20
Mpc) but ∼1/10 times the mass (∼ 7 × 1013M, Drinkwater
et al. 2001; Jorda´n et al. 2007) and ∼1/6 times the number
of galaxies. Despite this, the galaxy number density is 2-3
times higher in Fornax than in Virgo, and it is more sym-
metric and dynamically evolved. Being a relatively poor and
evolved cluster, Fornax is likely representative of the type of
environment many galaxies in the local universe reside in.
According to e.g. Robotham et al. (2011), ∼40% of galaxies
in the local universe are located in groups and poor clusters.
This means that the study of galaxy evolution in such clus-
ters is important if we aim to understand galaxy evolution
in the universe as a whole.
Our sample is diverse, containing both spirals and ellip-
ticals, as well as dwarf galaxies. In Paper I we used ALMA
observations of 12CO(1-0) to create maps of the molecular
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gas surface density at a resolution of ∼3′′ (∼0.3 kpc at the
distance of the Fornax cluster). In this paper we combine
these with Hα observations from MUSE (Bacon et al. 2010),
from the Fornax3D project (F3D, Sarzi et al. 2018; Iodice
et al. 2019), binned to the same resolution as the maps from
ALMA, to create maps of the star formation rate surface
density. F3D targeted all galaxies from the Fornax Cluster
Catalogue (Ferguson 1989) brighter than mB = 15 within
or close to the virial radius (Rvir = 0.7 Mpc; Drinkwater
et al. 2001). Both are combined here to study the star for-
mation relation in these galaxies on a pixel-by-pixel basis,
and to create maps of their depletion times. We compare
the outcome with both the integrated K98 relation, and the
one derived for kpc sized regions by B08. Since the sample,
resolution, and use of molecular gas makes this study more
similar to the one by B08, we expect our results to be close
to this relation, should the cluster environment have no or
little effect on the depletion times. We compare the galaxy-
average depletion times with other parameters, i.e. stellar
mass, stellar mass surface brightness, and (projected) dis-
tance from the cluster centre. Where possible, we compare
the results to a field control sample.
For the purpose of consistency with F3D publications,
we adopt the distance to the Fornax cluster (20 Mpc,
Blakeslee et al. 2009) as a common distance to all galax-
ies. The cluster has a virial radius of 0.7 Mpc (Drinkwater
et al. 2001).
This paper is structured as follows: in §2 the sample,
observations, and data reduction are described. In §3 we de-
scribe how surface density maps and ΣH2−ΣSFR relations are
obtained from the data. The results are shown in §4. These
include the derived star ΣH2 − ΣSFR relations and depletion
time maps, as well as the relations between depletion times
and various other parameters, such as stellar mass. In §5
we apply the ‘uncertainty principle of star formation’ to the
face-on, flocculent spiral FCC290 to estimate its molecular
cloud lifetimes and compare them to those in field galaxies.
The results are discussed in §6, and finally summarised in
§7.
2 OBSERVATIONS AND DATA REDUCTION
2.1 The sample
Our sample consists of all Fornax cluster galaxies for which
both CO and Hα maps are available, from AlFoCS and
F3D, respectively. AlFoCS targeted all Fornax cluster galax-
ies that show signs of the presence of an ISM, as indicated
by either far-infrared observations from the Herschel Space
Observatory (Pilbratt et al. 2010), Hi observations (from
Waugh et al. 2002 and Loni et al. in prep., based on Aus-
tralia Telescope Compact Array data), or both. There are
9 overlapping galaxies in these surveys. This means that
6 galaxies detected in Paper I are not included here: the
large spiral FCC121 (NGC1365), the edge-on spiral FCC67
(NGC1351A), and four dwarf galaxies with disturbed molec-
ular gas reservoirs.
As F3D targeted only the brightest galaxies (mB < 15),
and AlFoCS is mostly IR selected, the sample is likely bi-
ased towards higher-mass, star forming galaxies. As we have
seen in Paper I, the lower-mass galaxies are the ones that
are affected most by the cluster environment, and that are
most gas deficient. Including more such low mass galaxies in
our analysis, or including galaxies with less molecular gas,
would be required to obtain a complete census of the star
formation activity in the Fornax cluster. Possible effects on
our conclusions are discussed in more detail in §6.
The 9 galaxies in the sample are listed in Table 1, along
with their key properties. Column 3 lists the total stellar
mass in the MUSE field of view from Iodice et al. (2019).
Since FCC207 is not included in F3D, but was taken from
the archive, its stellar mass was obtained from aperture pho-
tometry on its archival Wide-field Infrared Survey Explorer
(WISE, Wright et al. 2010) band 1 (3.4 µm) image, assuming
a mass-to-light ratio of 1. The aperture was chosen using the
effective radius determined by Venhola et al. (2018). The un-
certainty in this case (see Table caption) is a combination of
the uncertainty in the effective radius and the rms in the im-
age. Column 6 indicates whether the galaxy has a regular (R)
or disturbed (D) molecular gas reservoir (as determined in
Paper I), and molecular gas masses and deficiencies are listed
in column 8 and 9, respectively (both also from Paper I).
The latter is defined as log(MH2,observed)−log(MH2,expected),
where log(MH2,expected) is the estimated molecular gas mass
of a field galaxy of similar stellar mass (from interpolation
of field samples). The total SFR in the MUSE field of view
from Iodice et al. (2019) is listed in column 10. These were
calculated through the conversion SFR (M y−1) = LHα (erg
s−1) / 1.82 ×1041 (M yr−1 erg−1 s−1), provided by (Calzetti
et al. 2012). Stellar mass surface densities, defined here as
half the stellar mass divided by the effective radius Re (from
Venhola et al. 2018, Iodice et al. 2019, or Raj et al. 2019,
see Table caption) are listed in column 11.
2.2 CO data
The molecular gas data used are 12CO(1-0) integrated inten-
sity (moment zero) maps from AlFoCS. A detailed descrip-
tion of the observations and data reduction can be found
in Paper I, in which these CO data are published. Some
important details are summarised below.
ALMA Band 3 observations were carried out be-
tween the 7th and 12th of January 2016 under project ID
2015.1.00497.S (PI: T. Davis), using the main (12m) array in
the C36-1 configuration. The data were calibrated manually,
cleaned (interactively, using a natural weighting scheme),
and continuum subtracted using the Common Astronomy
Software Applications package (CASA, version 5.1.1, Mc-
Mullin et al. 2007). The spaxel sizes in the final data cubes
(and hence in the moment zero maps used here) are 0.′′5
(∼50 pc at the distance of the Fornax cluster), and typi-
cal beam sizes are around 3′′(∼0.3 kpc at the distance of
Fornax). Channel widths are 10 km s−1 for most galaxies,
and 2 km s−1 for the dwarf FCC207, because of its narrow
linewidth. Typical rms noise levels are ∼3 mJy/beam. The
cleaned data cubes were used to produce primary beam cor-
rected moment maps of the CO(1-0) line emission using the
masked moment method (Dame 2011).
2.3 Hα data
Hα maps are from F3D, with the exception of FCC207 (de-
scribed below). A detailed description of the survey and data
MNRAS 000, 1–20 (2020)
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Table 1. Key properties of the galaxies in the sample.
FCC Common name M? Type D Gas distribution MH2 H2 def. SFR µF,e
- - (1010M) - (kpc) - (log M) (dex) (M yr−1) (log M kpc−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
90 MGC-06-08-024 0.08† E4 pec 703 D 6.97 ± 0.07 -1.21 0.035 ??5.0 ± 0.6 × 108
167 NGC1380 9.85† S0/a 242 R 7.67 ± 0.06 -1.56 0.000 ?8.0 × 108
179 NGC1386 1.58† Sa 243 R 8.37 ± 0.04 -0.70 0.155 1.20 ± 0.04 × 109
184 NGC1387 4.70† SB0 135 R 8.33 ± 0.04 -0.85 0.008 ?2.21 ×109
207 FCC207 0.06* - 113 D 6.54 ± 0.22 -1.43 0.004 ??2.2 ± 0.4 × 108
263 PGC013571 0.04† SBcdIII 330 D 7.22 ± 0.05 -1.07 0.282 ??2.0 ± 0.3 × 108
290 NGC1436 0.64† ScII 468 R 8.44 ± 0.05 -0.53 0.127 1.82 ± 0.02 × 108
308 NGC1437B 0.04† Sd 719 D 7.76 ± 0.04 -0.64 0.167 6.1 ± 0.3 × 107
312 ESO358-G063 1.48† Scd 704 R 8.57 ± 0.05 -0.38 0.751 3.1 ± 0.5 × 107
Notes: 1: Fornax Cluster Catalogue (Ferguson 1989) number of the galaxy; 2: Common name of the galaxy; 3: †Stellar mass in the
MUSE FoV from Iodice et al. (2019); *Stellar mass obtained from 3.6 µm image. The uncertainty is +0.04−0.05; 4: Morphological type from
Sarzi et al. (2018); 5: Distance from brightest cluster galaxy NGC1399; 6: Whether the molecular gas in the galaxy is regular (R)
or disturbed (D) as classified in Paper I; 7: H2 mass from Paper I; 8: H2 deficiency, defined as log(MH2,observed) − log(MH2,expected)
(where MH2,expected is the expected gas fraction based on field galaxies with similar stellar masses, see Paper I). Uncertainties are
0.01 dex for each galaxy. 9: Total star formation rate in the MUSE FoV from Iodice et al. (2019, except FCC207, which is from this
work); 10: Stellar mass surface density: half the stellar mass divided by the area within the effective radius Re. ?Effective radii from
(Iodice et al. 2019, no uncertainties given), ??effective radii from Venhola et al. (2018), remaining effective radii are from Raj et al.
(2019).
reduction can be found in Sarzi et al. (2018) and some im-
portant details are summarised here.
Integral-field spectroscopic observations were carried
out with MUSE in Wide Field Mode (Bacon et al. 2010)
between July 2016 and December 2017. It was mounted on
the Yepun Unit Telescope 4 at the ESO Very Large Tele-
scope (VLT). A field of 1 × 1 square arcminutes was covered,
with 0.2 × 0.2 square arcsecond spatial sampling. For some
of the more extended galaxies, this is smaller than their op-
tical discs. In these cases two or three pointings were used
to map the whole galaxy. An exception is FCC290, which
was only observed partially (including the centre and most
of the outskirts, see Figure B7 in Appendix B). The MUSE
pointings of all F3D galaxies can be found in Sarzi et al.
(2018). The observations cover a wavelength range of 4650-
9300 A˚, with a spectral resolution of 2.5 A˚ (at the full width
at half maximum, FWHM) at 7000 A˚ and spectral sampling
of 1.25 A˚ pixel−1.
Data reduction was performed using the MUSE pipeline
(version 1.6.2, Weilbacher et al. 2012, 2016) under the ES-
OREFLEX environment (Freudling et al. 2013). In sum-
mary, the data reduction involved bias and overscan sub-
traction, flat fielding, wavelength calibration, determination
of the line spread function, illumination correction with twi-
light flats (to account for large-scale variation of the illu-
mination of the detectors) and similar with lamp flats (to
correct for edge effects between the integral-field units).
Extinction corrected Hα maps were obtained as de-
scribed in Sarzi et al. (2018) and Iodice et al. (2019): the Gas
and Absorption Line Fitting code (GandALF, Sarzi et al.
2006; Falco´n-Barroso et al. 2006) was used to perform a
spaxel-by-spaxel fit, simultaneously for both the stellar and
ionised gas contributions. The full extent of the MILES li-
brary was used to decrease the impact of template-mismatch
on the emission line measurement. As detailed also in Oh
et al. (2011) and in Sarzi et al. (2018), the GandALF fit
included two reddening components, a first affecting the en-
109 1010 1011Stellar mass (M )
10−2
10−1
100
101
SF
R (
M
 yr
−1
)
FCC184
FCC308
FCC090
FCC263
FCC179
FCC312
FCC207
FCC290
FCC167
Regular CO
Disturbed CO
SF + composite
SF H
Figure 1. Location of the galaxies in the sample in the M? -
SFR plane (values are from Table 1), compared to the star forma-
tion main sequence from Elbaz et al. 2007 (solid line, the dashed
lines represent the 1 σ confidence interval, and the dotted line
is an extrapolation towards lower masses). Filled markers indi-
cate data points for which only the star forming Hα was used
and open markers indicate data points for which composite Hα
was considered also. Both are plotted for each galaxy with the
same marker shape, unless it contains only non-star forming Hα
(FCC167). Galaxies’ FCC numbers are indicated. Galaxies with
regular molecular gas reservoirs are shown in black and galaxies
with disturbed molecular gas reservoirs in red (§2.1, Table 1).
With few exceptions, galaxies in the sample lie below the star
formation main sequence.
tire spectrum and representing dust diffusion everywhere
throughout the target galaxy, and a second which affects
only the nebular emission and can account for dust more
localized around the emission-line regions. Differentiating
the two allows for a more accurate estimation of the effects
of dust mixed with gas in star forming regions. A Calzetti
(Calzetti et al. 1994) extinction law was used in both cases.
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The MUSE cube of FCC207 was taken from the ESO
archive, Program IDs 098.B-0239, 094.B-0576, 097.B-0761,
and 096.B-0063 (PI: E. Emsellem). Observations were car-
ried out between October 2014 and January 2017, similarly
to the observations described above. A field of 1.2 arcmin2
was covered, with 0.2 × 0.2 square arcsecond spatial sam-
pling. The spectral range covered is 4650-9351 A˚, with a
spectral resolution of 2.3 A˚ at 7000 A˚. The Hα map was
obtained in the same way as the ones from F3D.
3 METHODS
3.1 Obtaining surface density maps
3.1.1 Star formation rate surface densities
SFR maps are obtained by calculating star formation rates
from the Balmer decrement corrected Hα maps as follows:
SFR
(
M yr−1
)
=
L (Hα)
1.86 × 1041 , (1)
where 1.86 × 1041M yr−1erg−1s−1 was adopted from Hao
et al. (2011) and Murphy et al. (2011), and L (Hα) is the Hα
luminosity in erg s−1. The latter is obtained from the MUSE
images via
L (Hα) = 4piD2F (Hα) , (2)
where F (Hα) is the measured Hα flux in erg s−1 cm−2 and
D the distance to the galaxy in cm. The SFR is then di-
vided by the spaxel area in kpc2 to obtain the SFR surface
density ΣSFR in M yr−1 kpc−2. While some authors opt to
correct for inclination in order to obtain a measure of the
intrinsic surface density (assuming the gas is distributed in
a flat disk), here we do not apply this correction, both due
to the disturbed nature of some of the sources, and the fact
that we are only comparing surface density maps within in-
dividual galaxies, in which case this correction cancels out.
Finally, the image is convolved to match the ALMA beam
and regridded to the resolution of the ALMA images.
Two sets of ΣSFR images were created, one where only
the Hα emission powered purely by star formation is consid-
ered, and another including also other so-called “composite”
emission regions, where other sources of ionisation (such as
shocks or active galactic nuclei, AGN) in addition to O-stars
could contribute to the observed Hα emission. Only spaxels
with Hα detections (S/N > 3) are considered. Which spaxels
are dominated purely by star forming Hα, and which by com-
posite ionisation, was determined using Baldwin, Phillips &
Terlevich (BPT, Baldwin et al. 1981) diagrams, using the
[OIII]λ5007/Hβ and [NII]λ6583/Hα line ratios. Only spaxels
with sufficient S/N (>3) in these lines to reliably determine
the nature of the Hα emission were included in the maps).
The boundary line from Kauffmann et al. (2003) was used
as a cut-off to define which pixels contain star-forming Hα,
and the one from Kewley et al. (2001) as an upper limit for
composites.
The line ratios used in BPT diagrams have a certain de-
gree of sensitivity to conditions like gas density and shocks,
and relative abundances. Moreover, there is a level of un-
certainty in the exact dividing line between spaxels domi-
nated by ionisation as a result of star formation, and other
ionising sources (such as AGN, shocks or old stars). The
Kewley et al. (2001) line is a conservative lower limit for
the true number of spaxels dominated by these alternative
ionising mechnisms. Kauffmann et al. (2003), on the other
hand, posit that star forming galaxies tend to follow a rela-
tion on the BPT diagram with relatively little scatter, and
thus all spaxels above the scatter in this relation, defined by
their dividing line, can be considered as dominated by other
sources. Therefore, although these are not perfect dividing
lines, both are conservative in what they consider purely
AGN/other sources or purely star forming spaxels, and both
are widely used to disentangle between contribution from
star formation and AGN/other sources to Hα emission.
Since emission from composite regions is only partly
due to star formation, including these regions allows us to
set an upper limit to the total star formation rate of each
system. A corresponding lower limit can be set by removing
these spaxels entirely. For this reason, we consider two cases
throughout this paper: one where only the spaxels strictly
dominated by star formation are taken into account, and one
where spaxels classified as “composite” are included also. We
remove all spaxels which are dominated purely by ionisation
from other sources (such as AGN or shocks).
BPT diagrams for all galaxies in the sample (except
FCC207) galaxy are presented in Iodice et al. (2019). Which
pixels are excluded from the Hα maps in the Hα-only anal-
ysis, and how this affects the resulting star formation rela-
tions, can be seen in the maps in Appendix B.
3.1.2 Molecular gas surface densities
ΣH2 maps are obtained by first deriving H2 column densities
from the CO maps as follows:
NH2
(
mol. cm−2
)
= XCO
λ2
2kB
∫
Sν dν, (3)
where XCO is the CO-to-H2 mass conversion factor, λ the
rest wavelength of the line observed, kB is the Boltzmann
constant, and
∫
Sν dν the total flux of the line observed in
Jy km s−1.
For the purpose of consistency with Paper I, we use
the metallicity-dependent mass conversion factor from eqn.
25 from Accurso et al. (2017, see §4.3 in Paper I). Although
Bigiel et al. (2008) used a fixed conversion factor, our results
change only marginally when a different conversion factor is
adopted, not affecting a comparison with their result. The
relation used calls for a distance from the star formation
main sequence (SFMS, log ∆ (MS)). To calculate this, we use
the SFMS from Elbaz et al. (2007), and the star formation
rates and stellar masses listed in Table 1. Where our targets
lie in the M? - SFR plane compared to the SFMS is shown
in Figure 1. The SFMS is shown as a solid line, the dotted
line is an extrapolation from it towards lower stellar masses.
The 1 σ confidence interval is indicated with the dashed
lines. Filled markers indicate data points for which only the
star forming Hα was used and open markers indicate data
points for which composite Hα was considered also. Both
are plotted for each galaxy with the same marker shape,
unless it only contains Hα that is not dominated by star
formation (FCC167). Galaxies’ FCC numbers are annotated.
The majority of our galaxies lie well below the SFMS. This
is not surprising, as they are molecular gas deficient cluster
galaxies (Paper I).
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Figure 2. Top row: Relation between the molecular gas and star formation rate surface densities for FCC312 (left) and FCC90 (right).
The colours of the markers indicate the density around the data point, determined using a Gaussian kernel density estimation. Lines of
constant depletion times (0.1, 1, and 10 Gyr) are shown. The galaxy names are indicated in the upper left corners, in black if the galaxy
has a regular molecular gas reservoir, and in red if it is disturbed (see §2.1, Table 1). Bottom row: depletion time maps of FCC312
(left) and FCC90 (right). The maps are overplotted on optical (g-band) images from the Fornax Deep Survey (FDS, Iodice et al. 2016,
2017; Venhola et al. 2017, 2018, Peletier et al., in prep.). The extent of the CO emission is indicated with a cyan contour, and that of the
Hα emission with a yellow contour. The beam of the ALMA observations is shown in the lower left corner. In these examples, only the
pixels dominated by star forming Hα are used (maps where composite Hα is considered can be found in Appendix B). Most regions in
FCC312 have depletion times shorter than the “standard” depletion time of 1-2 Gyr, and they vary in the galaxy from region to region.
The long depletion time region indicated with the blue/white arrow is due to mosaicking effects in the MUSE data: a small fraction of
the galaxy was not covered by the mosaic, resulting in an overestimation of the depletion time here. FCC90 deviates from the “standard”
depletion time of 1-2 Gyr by a factor 5-10. Depletion times are short in the galaxy’s body (< 0.5 Gyr), but long in the gas tail (2 Gyr).
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In order to obtain the gas mass surface density ΣH2 in
M pc−2, equation 3 is multiplied by twice the mass of a
hydrogen atom (2 mH, in M) and converted from cm−2 to
pc−2.
3.2 Obtaining the ΣH2 − ΣSFR relation and
depletion times
The actual resolution of the ΣH2 map is constrained by
the ALMA beam size. To avoid over-interpreting the data
by studying these maps on smaller scales, both images are
binned to the size of the ALMA beam. When doing so, the
starting point of the first bin, and therefore the location
of the resulting grid, is arbitrary. As a result, the binned
map is slightly different depending on the chosen starting
point, which is especially noticeable in galaxies with rela-
tively small angular sizes. To account for this, we create
a separate map for each possible starting point, effectively
shifting the grid up/down and sideways until each possibil-
ity is covered. We then show all resulting star formation
relations in one figure. This way, the denser areas of the
star formation relation will represent the more robust pixel
values, whereas sparse regions and scatter are the result of
small-scale variations and edge-effects. Depletion times are
then calculated by dividing both surface density maps by
each other. Because we have a different map for each possi-
ble grid for both the gas and SFR surface densities, we take
the median of these maps in each pixel before dividing both
maps by each other. This way we end up with a map at our
initial resolution with the most likely depletion time in each
pixel (one version where composite Hα is included, and one
where only star forming Hα is considered).
4 RESULTS
Examples of ΣH2 − ΣSFR relations and depletion time maps
are shown in Figure 2 for FCC312 (left) and FCC090 (right)
for the case where only star forming spaxels are considered.
The full set of similar figures (including the versions of these
examples where composite spaxels are included also, see be-
low) for all the sample can be found in Appendix B. FCC312
was chosen because of its large angular size, which allows it
to nicely demonstrate the resulting star formation relation.
It is a relatively massive (log(M?/M) = 10.04), edge-on
spiral with a regular molecular gas reservoir (see Table 1).
FCC090 was chosen because it has a stripped molecular gas
tail. It is a dwarf (log(M?/M) = 8.98) elliptical with a “dis-
turbed” molecular gas reservoir. Only the pixels dominated
by star forming Hα were used in these examples, although
they would not look significantly different if composite Hα
was considered (Figures B1 and B9).
In the ΣH2 − ΣSFR relations (Figure 2, top row), the
colour of the marker indicates the density of the data around
the point in log space. Thus, the lighter the colour, the more
resolution elements exist in the galaxy that lie on a similar
location on the ΣH2 − ΣSFR plane. Darker colours, on the
other hand, correspond to locations that are only occupied
by a few pixels, which usually means they lie at the edge of
the detected emission. These densities were calculated using
a Gaussian kernel density estimation (KDE). Furthermore,
lines of constant depletion time (0.1, 1, and 10 Gyr, from
top to bottom) are shown. The galaxy name is indicated in
the upper left corner, in red if the galaxy has a disturbed
molecular gas reservoir, and in black if it is regular (see Table
1).
The tdep maps (Figure 2, bottom row) are overplotted
on optical (g-band) images from the Fornax Deep Survey
(FDS, Iodice et al. 2016, 2017, Peletier et al., in prep., Ven-
hola et al. 2017, 2018). The extent of the CO emission is
indicated with a cyan contour, and the extent of the Hα
emission with a yellow contour (as indicated in the top right
corner).
FCC312 has slightly decreased depletion times com-
pared to the “standard” 1-2 Gyr for spiral galaxies, with the
majority of the regions having depletion times lower than 1
Gyr. Both CO and Hα are present throughout the galaxy.
There is some small-scale variation in depletion time, mostly
towards depletion times shorter than the bulk of the resolu-
tion elements in the galaxy, shown by the scatter in the SF
plot and the variations in the tdep map. The relatively high-
depletion time area in the middle of the disk on the north
side of the galaxy (indicated with the blue/white arrow) is
due to mosaicking effects in the MUSE data: a small fraction
of the galaxy was not covered by the mosaic, resulting in an
overestimation of the depletion time here.
FCC90 also has relatively short depletion times in its
stellar body, as can be seen in the depletion time map and
corresponding points in the ΣH2 − ΣSFR relation. In the
molecular gas tail depletion times are >10 times longer, with
a sharp transition between the stellar body and this tail. In
the ΣH2 − ΣSFR relation, the large “wing” towards longer
depletion times corresponds to this area. This is discussed
further in §6.
Similar figures for the remaining galaxies, along with
their discussions, are provided in Appendix B. General
trends in these figures are discussed in §6.
4.1 Combined ΣH2 − ΣSFR relations
In order to obtain a better understanding of whether galax-
ies in the Fornax cluster follow the classic star formation
relations, it is useful to show the ΣH2 − ΣSFR relations for
each galaxy in one figure. This is done in Figure 3. The top
row shows the KDE plots for all the sample, similar to the
top rows in Figure 2 and Appendix B, each in a different
colour. FCC numbers are indicated in the upper right-hand
panel. In the bottom panels the same data are shown, but
represented with points coloured by their KDE value. This
is to better visualise how the ΣH2 − ΣSFR relation in the
Fornax cluster relates to the K98 and B08 relations, which
are shown in pink and blue, respectively. The left column of
the figure shows the case in which only star forming Hα is
included, and the right column shows the case in which com-
posite Hα is considered also (this is indicated in the lower
right corners of the panels). FCC167 is only present in the
right column (where composite Hα is considered as well as
star forming Hα), as its Hα image does not contain any pix-
els that are dominated purely by star formation according
to a BPT classification.
The ΣH2 − ΣSFR relation in the left panel, where only
Hα from regions dominated purely by star formation is con-
sidered, looks unphysical for some galaxies. In particular,
FCC184 shows a strong downturn in its star formation effi-
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(a) (b)
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Figure 3. Combined ΣH2 − ΣSFR relation for all galaxies in the sample, both considering the star forming Hα only (left column) and
including composite Hα also (right column). In the top row separate contour plots (based on kernel density estimates) are shown for each
galaxy, whose FCC numbers are indicated in the right-hand panel. The bottom row shows the same data, represented as points coloured
by galaxies’ individual KDE values, similar to the top panels (a darker shade indicates a higher KDE value), to allow for a an easier
comparison between the Fornax cluster and the K98 and B08 relations, shown in pink and blue, respectively. Lines of constant depletion
time (0.1, 1, and 10 Gyr) are shown in each panel. The bulk of the resolution elements in the Fornax cluster have depletion times close to
what is predicted by K98 and B08. However, many have slightly decreased depletion times compared to the B08 relation, lying towards
its short-depletion time side. A few galaxies have significantly longer depletion times. The ΣH2 − ΣSFR relation is tighter and looks more
physical when composite Hα is taken into account, suggesting that the contribution of AGN and other sources in ionising Hα in these
galaxies is low.
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Figure 4. Depletion times of the galaxies in the sample as a function of their stellar mass. Markers are the same as in Figure 1. The
underlying field sample consists of xCOLD GASS (Saintonge et al. 2017, shown as grey markers), ATLAS3D (Cappellari et al. 2011;
Young et al. 2011; Cappellari et al. 2013, shown as purple markers), ALLSMOG (Cicone et al. 2017, shown as yellow markers, triangles
indicate upper limits), and HRS (Boselli et al. 2010, 2014a, shown as pink markers). Filled purple markers indicate field ellipticals from
ATLAS3D, open markers are ellipticals residing in the Virgo cluster. Similarly, pink open markers are HRS galaxies located in the Virgo
cluster, and filled markers are field galaxies. Grey open markers indicate galaxies in the xCOLD GASS sample that were classified as
“composite”, while filled ones are classified as star forming. Upper limits are indicated with down-pointing triangles for each sample. The
median of the xCOLD GASS sample, as well as the 16th and 84th percentiles, are indicated with solid lines, and similarly for ALLSMOG
in yellow. Our targets mostly follow the weak relation between stellar mass and depletion time seen in the xCOLD GASS sample.
ciency at high H2 densities (see also Figure B4), resulting in
unrealistically long depletion times. This effect arises near
the centre of this object, where other sources of ionisation
begin to become important. This results in a large area con-
sisting of “composite” spaxels in this area. Including the Hα
emission from this region moves these spaxels into agree-
ment with a normal ΣH2 −ΣSFR relation (see the right-hand
panels in Figure 3 and B4). This implies that star forma-
tion contributes significantly to the “composite” spaxels in
this galaxy. We therefore consider the situation where Hα
originating from composite regions is taken into account, in
this case, more realistic. This means that the contribution
from AGN (and/or old stars/shocks) to the ionisation of the
gas in composite regions is probably low in this galaxy. This
Figure is discussed further in §6.
Together with the dwarf galaxy FCC207, which has de-
pletion times of ∼2 - >10 Gyr, the lenticular FCC167 is
the only galaxy that has depletion times significantly longer
than the usual 1-2 Gyr, almost every spaxel has a deplition
time significantly longer than 10 Gyr. Depletion times in the
other galaxies overlap mostly with those predicted by the
K98 and B08 relations, but lie towards the short-depletion
time side of the B08 relation.
4.2 Relations with other parameters
Above we have seen that depletion times can vary signifi-
cantly between galaxies in the sample. Here we test whether
this variation depends on other variables, i.e. stellar mass,
morphology, and (projected) location within the cluster. We
compare our sample to field galaxies where possible.
Figure 4 shows galaxy-average depletion times as a func-
tion of stellar mass. Filled markers represent median deple-
tion times with only the star formation dominated pixels in
the Hα image taken into account, and empty markers repre-
sent the case where composite pixels in the Hα image are also
taken into account. With the exception of FCC167, whose
Hα image contains no pixels dominated by star formation
according to our classification, there are thus two measure-
ments for each galaxy, represented by markers of the same
shape, and connected by a dotted line. Galaxies with a dis-
turbed molecular gas reservoir are shown with red markers,
and galaxies with a regular molecular gas reservoirs in black.
Uncertainties are a combination of the error on the molecu-
lar gas surface density and the error on the star formation
rate surface density (in both cases the rms error and a 10%
calibration error). The smaller markers in the background
represent the control sample. It consists of data from the
extended CO Legacy Database for GALEX Arecibo SDSS
Survey (xCOLD GASS, Saintonge et al. 2017, grey), which is
a field sample containing a broad range of galaxy types, data
from the APEX low-redshift legacy survey for molecular gas
(ALLSMOG, Cicone et al. 2017, yellow), which spans galax-
ies with stellar masses from 108.5 to 1010M, data from the
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Figure 5. Similar to Figure 4, but with depletion times as a function of stellar mass surface density. A weak relation between depletion
time and stellar mass surface density can be seen in the xCOLD GASS sample. The Fornax galaxies mostly follow this weak trend. Dwarf
galaxies with disturbed molecular gas are widely scattered around this relation.
Herschel Reference Survey1 (HRS, Boselli et al. 2010, 2014a,
in pink), and early-type galaxies from ATLAS3D (Cappel-
lari et al. 2011; Young et al. 2011; Cappellari et al. 2013,
purple). ATLAS3D was added because the xCOLD GASS
sample might not detect the gas in more massive ellipticals,
as more sensitive observations are often required to detect
CO in these galaxies. This sample was thus added to com-
plete the higher mass end of the relation, and put the mas-
sive early-type galaxy FCC184 into more relevant context.
From xCOLD GASS we only include star forming galaxies
(shown as filled markers) and composite galaxies (shown as
open markers), as classified by their position in the BPT
diagram. Upper limits are indicated with down-pointing tri-
angles for all samples. Error bars are omitted for visibility
purposes. Uncertainties in the depletion times are typically
slightly over 10% for xCOLD-GASS, 30% for ALLSMOG
and 40% for the HRS.
Where necessary, we recalibrate the literature data to
share the same XCO prescription we use to estimate MH2 in
our Fornax sample (see §3.1.2 and Paper I). xCOLD GASS
already uses this prescription. From ALLSMOG we directly
use CO luminosities, allowing us to use the same recipe to
derive H2 masses. To derive XCO we use their gas-phase
metallicities calculated using the O3N2 calibration from Pet-
tini & Pagel (2004), and a distance from the main sequence
from Elbaz et al. (2007), as with our Fornax measurements.
To recalibrate the ATLAS3D values, we use stellar masses
derived from r-band luminosities and M/L from Cappellari
et al. (2013) to estimate metallicities. Distances from the
1 Herschel (Pilbratt et al. 2010) is an ESA space observatory with
science instruments provided by European-led Principal Investi-
gator consortia and with important participation from NASA.
main sequence are derived using the SFRs from Davis et al.
(2014) compared to the main sequence from Elbaz et al.
(2007). We then derive a correction factor from the XCO we
derive using our method and these parameters, compared to
the XCO used to derive the molecular gas masses in this sam-
ple. From the HRS we use total CO fluxes, and derive MH2
following the same prescription as for the Fornax, xCOLD
GASS, and ALLSMOG samples. We estimate metallicities
from the O3N2 line ratio, using the [Nii]λ6584, [Oiii]λ5007,
and Hβ line fluxes (all normalised to the Hα line flux) from
Boselli et al. (2013), and the calibration from Pettini & Pagel
(2004).
The ATLAS3D and HRS samples are split into field
galaxies (filled markers) and galaxies located in the Virgo
cluster (open markers). To better visualise how Fornax
galaxies compare to those in Virgo, this figure is dupli-
cated in Appendix A, but with only data from Virgo galax-
ies shown. The ALLSMOG sample was added to put the
lower-mass galaxies into better context. To calculate deple-
tion times for the HRS sample, we use star formation rates
from Boselli et al. (2015), and molecular gas masses from
Boselli et al. (2014a). The solid grey lines indicate the me-
dian and 16th and 84th quantiles of the xCOLD GASS data,
indicating the 1σ spread in the data. To calculate these, run-
ning bins were used, where the data is divided into horizon-
tal bins, each containing an equal number of (33) galaxies,
where each bin is shifted by half a bin size with respect to
the previous one. Similarly, the yellow lines show the median
and 1σ spread in the ALLSMOG data.
Most of our cluster galaxies lie within or close to the 1σ
confidence interval of the field relations.
Figure 5 shows the depletion times of the galaxies (ob-
tained from the median values of the resolution elements of
their molecular gas and star formation rate surface densi-
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Figure 6. Depletion time as a function of (projected) distance to the cluster centre (i.e. BCG NGC1399). Markers are the same as in
Figures 1, 4 and 5. The virial radius is indicated with a dashed line. A relation between depletion time and cluster-centric distance seems
to exist, although it is likely partly driven by galaxy mass/morphology.
ties) in the sample as a function of their stellar mass surface
density (SMSD), here defined as half the stellar mass divided
by the area enclosed by the effective radius Re. A galaxy’s
SMSD is a crude measure of its radial mass profile, and can
therefore be interpreted as a proxy for its morphology. Ef-
fective radii are taken from Venhola et al. (2018) for dwarf
galaxies, and from Raj et al. (2019) and Iodice et al. (2019)
for more massive galaxies. Markers and lines are the same
as in Figure 4. Most galaxies have depletion times within 1σ
of what is expected from their surface densities as predicted
by the field samples.
Figure 6 shows depletion times as a function of dis-
tance from the cluster centre, defined here as the brightest
cluster galaxy (BCG) NGC1399 (FCC213). Markers are the
same as in Figures 4 and 5. The virial radius (at 0.7 Mpc,
Drinkwater et al. 2001) is indicated with a dashed line. There
is a clear trend between cluster-centric distance and deple-
tion time. Although this is likely partly driven by galaxy
mass/morphology (massive ellipticals, which often have low
SFEs (Saintonge et al. 2011; Davis et al. 2014) are in the
cluster centre, whereas less massive spiral and dwarf galax-
ies tend to be located further out), there is possibly an addi-
tional correlation between depletion time and cluster-centric
distance. The figures described above are discussed further
in §6.
5 THE MOLECULAR CLOUD LIFETIME IN
FCC290
FCC290 is a nearly face-on, flocculent spiral (Appendix A7,
Paper I). It is therefore an ideal candidate to study the
small-scale relation between molecular gas and star forma-
tion in cluster galaxies. We have measured the molecular
cloud lifetime in FCC290 by applying the statistical method
(named the ‘uncertainty principle for star formation’) devel-
oped by Kruijssen & Longmore (2014b) and Kruijssen et al.
(2018).
5.1 Uncertainty principle for star formation
Contrary to the tight correlation defining the K98 relation
observed on galaxy scales, a spatial de-correlation between
CO and Hα clumps is commonly observed in nearby galax-
ies (e.g. Schruba et al. 2010; Kreckel et al. 2018; Chevance
et al. 2020; Hygate et al. 2019; Kruijssen et al. 2019). This
spatial de-correlation, which is responsible for the observed
scatter around the K98 relation below ∼ 1 kpc scales (Fig-
ure 2 and Appendix A; see also e.g. Bigiel et al. 2008; Blanc
et al. 2009; Leroy et al. 2013), can be explained by the fact
that individual regions in galaxies follow independent evolu-
tionary lifecycles where cloud assemble, collapse, form stars,
and get disrupted by stellar feedback (e.g. Feldmann et al.
2011; Kruijssen & Longmore 2014b). On small scales, each
individual region is observed at a specific time of this cycle
and it is only when averaging over many regions, sampling
all phases of this cycle, that the galactic K98 relation can
be retrieved.
The small-scale de-correlation between CO and Hα
clumps can be directly linked to the underlying timeline
of this evolutionary cycle, and represents a fundamental
probe of stellar feedback physics in observations and numer-
ical simulations (e.g. Fujimoto et al. 2019). In this paper,
we follow the specific implementation of this methodology
presented by Kruijssen et al. (2018) and formalised in the
Heisenberg code to characterise the cycle of star formation
and feedback in the cluster galaxy FCC290, from cloud for-
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mation (as traced by CO emission), to star formation (as
traced by Hα emission), and to cloud destruction.
In practice, we measure the CO-to-Hα flux ratio in aper-
tures of certain sizes centred on peaks of CO or Hα emission.
The relative change of the CO-to-Hα flux ratio compared to
the galactic CO-to-Hα ratio as a function of the aperture
size (see Figure 7), is governed by the relative timescales of
the different phases of the evolutionary cycle of cloud evo-
lution and star formation. These observations can be fitted
by the model of Kruijssen et al. (2018), which depends on
three independent parameters: the duration of the cloud life-
time relative to the isolated stellar phase (tCO/tHα,ref), the
timescale during which CO and Hα coexist in a region rel-
ative to the isolated stellar phase (which is the time during
which stellar feedback can affect the cloud, tfb/tHα,ref) and
the characteristic separation length λ between individual re-
gions (i.e. molecular clouds and star forming regions). To
convert these relative timescales into absolute ones, we use
the duration of the isolated stellar phase traced by Hα only
(i.e. after the complete disruption of the CO cloud, tHα,ref).
This time-scale has been calibrated by Haydon et al. (2018)
and is a function of the metallicity 2 (Table 2).
The above measurements are potentially affected by the
presence of large-scale diffuse emission, which is not associ-
ated with individual molecular clouds or star forming regions
and is therefore not participating in the evolutionary cycle
of the emission peaks identified. It is therefore necessary to
filter the diffuse emission on scales larger than λ to ensure
an unbiased measurement of the molecular cloud lifecycle.
We use the method of Hygate et al. (2019) to filter out dif-
fuse emission in Fourier space with a Gaussian filter, using
a characteristic width of 13λ. This multiplicative factor of
λ has been chosen to ensure the best compromise between
a selective filter to filter a maximum of the diffuse emis-
sion and a broader filter to limit the appearance of artefacts
around compact structures (see Hygate et al. 2019 for de-
tails). During the analysis, a first estimation of λ is made
for the original, unfiltered maps. The maps are then trans-
formed to Fourier space and spatial wavelengths larger than
13λ are masked with the Gaussian filter, before transforming
the maps back to normal space. We then estimate λ again
using these new, filtered maps, and iterate over this process
until convergence is reached (defined as obtaining the same
value of λ to within 5 per cent for four successive iterations).
5.2 Application to FCC290
We apply the above analysis to the CO and Hα maps of
FCC290, limited to the field of view of the MUSE map, in
order to ensure the best possible spatial resolution (see Fig-
ure 7). The input parameters we use for the Heisenberg
code, as well as the main output quantities, are summarised
in Table 2. Descriptions are from Table 2 and 4 from Kruijs-
sen et al. (2018). Other input parameters not listed are set to
2 We note that there this Hα emission timescale can in principle
be affected by extinction. However, Haydon et al. (2020) demon-
strate that this only happens for kpc-scale gas surface densities
> 20 M pc−2, much larger than the typical surface density of
FCC290, which is ∼ 3 M pc−2
their default values, which can be found in the same tables
in Kruijssen et al. (2018) along with their descriptions.
We measure a relatively short molecular cloud lifetime
of tCO = 9.3+2.6−2.2 Myr and a characteristic (deprojected) sep-
aration length between regions of λ = 327+133−74 pc. Compari-
son with previous measurements of the molecular cloud life-
time using the same method (Chevance et al. 2020; Hy-
gate et al. 2019; Kruijssen et al. 2019) reveals similari-
ties, but also some differences with the values found in
nearby spirals. They might be linked to the cluster envi-
ronment of FCC290. Indeed, short molecular cloud lifetimes
of ∼ 10Myr are commonly measured in low mass galaxies
like FCC290 (e.g. NGC300, NGC5068, and M33, which have
stellar masses of log (M?/M) ≤ 9.8, FCC290 has a stellar
mass of log (M?/M) = 9.8), with low molecular gas surface
densities (∼ 3 M pc−2 for NGC300 and NGC5068, between
1 and 10 M pc−2 for M33). Despite a somewhat larger to-
tal gas mass, the average molecular gas surface density in
FCC290 is ΣH2 ∼ 3 M pc−2, very similar to NGC300 and
NGC5068. The short molecular cloud lifetime of ∼ 10 Myr
in FCC290 is consistent with the conclusions of Chevance
et al. (2020), who show that large-scale surface density is
an important factor in driving the cloud lifecycle. At kpc-
scale molecular gas surface densities of ΣH2 ≤ 8 M pc−2,
the cloud lifetime is regulated by internal dynamical pro-
cesses and clouds live for a short time, comparable to one
cloud free-fall time or cloud crossing time, with typical val-
ues of ∼ 10 Myr. At larger molecular gas surface densities,
the cloud lifetime is instead regulated by galactic dynamics,
often resulting in cloud lifetimes of 20−30 Myr.
A notable difference between FCC290 and nearby star-
forming galaxies in the field is the large characteristic dis-
tance (λ ∼ 300 pc) between individual regions. By contrast,
typical values measured by Chevance et al. (2020) are in the
range 100–250 pc, where galaxies with low molecular gas sur-
face densities are typically located on the lower end of this
range. This could be a result of the different environment.
Despite the relatively low number of identified regions
(npeak,star = 49 in the Hα map and npeak,gas = 52 in the CO
map), the main output quantities (tCO, tfb and λ) are well-
constrained. As tested in Kruijssen et al. (2018), a minimum
of 35 peaks in each map ensures a precision better than
50%. In addition, the region separation length λ should be
well resolved to guarantee a good accuracy of the feedback
time-scale tfb, i.e. the time-scale over which the CO and Hα
emission co-exist. This time-scale represents the time it takes
feedback from massive stars to disperse the parent molecular
cloud. We measure a ratio of λ to the minimum aperture size
(lap,min) of 1.52. This is sufficient to bring a strong constraint
on tCO, but marginal for tfb and λ, which therefore might be
slightly biased because of the insufficient spatial resolution
(Kruijssen et al. 2019). Indeed, the relative filling factor of
the emission peaks (ζstar = 2rstar/λ and ζgas = 2rgas/λ, where
rstar and rgas are the average radii of the emission peaks in
the Hα and the CO maps respectively) is high (∼ 0.6).
The above indications of region blending imply that our
measurement of tfb may be overestimated (see sect. 4.4 of
Kruijssen et al. 2018). Given that tfb = 1.7+0.9−0.7 Myr is al-
ready considerably shorter than the minimum timescale for
supernova feedback (∼ 4 Myr, e.g. Leitherer et al. 2014), the
fact that it is an upper limit implies that cloud destruction is
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Table 2. Main input parameters of and quantities constrained (output) by the analysis of FCC290, along with their descriptions from Tables 2 and 4
in Kruijssen et al. (2018). The other input parameters use the default values as listed in Table 2 of Kruijssen et al. (2018).
Input quantity Value Description
D [Mpc] 17.7 Distance to galaxy
i [◦] 47 Inclination angle
lap,min [pc] 215 Minimum inclination-corrected aperture size (i.e. diameter) to convolve the input maps to
lap,max [pc] 6400 Maximum inclination-corrected aperture size (i.e. diameter) to convolve the input maps to
Nap 15 Number of aperture sizes used to create logarithmically-spaced aperture size array in the range (lap,min, lap,max)
Npix,min 10 Minimum number of pixels for a valid peak (use Npix,min = 1 to allow single points to be identified as peaks)
∆ log10 Fstara 2.00 Logarithmic range below flux maximum covered by flux contour levels for stellar peak identification
δ log10 Fstara 0.03 Logarithmic interval between flux contour levels for stellar peak identification
∆ log10 Fgasa 0.6 Logarithmic range below flux maximum covered by flux contour levels for gas peak identification
δ log10 Fgasa 0.06 Logarithmic interval between flux contour levels for stellar peak identification
tHα,ref [Myr] 4.29 Reference time-scale spanned by star formation tracer (in our case Hα)
σ(tHα,ref) [Myr]b 0.16 Uncertainty on reference time-scale
SFR [M yr−1]c 0.127 Total star formation rate in the MUSE FoV
log10Xgas
d 0.64 Logarithm of conversion factor from map pixel value to an absolute gas mass in M
σrel(Xgas)b 0.34 Relative uncertainty (i.e. σx/x) of Xgas
nλ, iter 13 Characteristic width used for the Gaussian filter to filter out diffuse emission in Fourier space (see text)
Output quantity Value Description
χ2red 0.84 Goodness-of-fit statistic
tCO [Myr] 9.3+2.6−2.2 Best-fitting gas tracer lifetime (e.g. the cloud lifetime, in our case CO)
tfb [Myr] 1.7+0.9−0.7 Best-fitting overlap lifetime (e.g. the feedback time-scale, like in our case)
λ [pc] 327+133−74 Best-fitting mean separation length of independent regions (e.g. the fragmentation length)
rstar [pc] 100+13−15 Disc radius or Gaussian dispersion radius of star formation tracer peaks
rgas [pc] 97+17−13 Disc radius or Gaussian dispersion radius of gas tracer peaks
ζstar 0.61+0.06−0.11 Star formation tracer peak concentration parameter
ζgas 0.59+0.07−0.09 Gas tracer peak concentration parameter
npeak,star 49 Number of peaks in the star formation tracer map (Hii regions)
npeak,gas 52 Number of peaks in the gas tracer map (giant molecular clouds)
Notes: aThe parameters for the peak identification listed here are valid for the diffuse-emission filtered maps (§5.1). Different values are used for the
first iteration during which emission peaks are identified in unfiltered maps, but we have verified that the choice of these initial parameter values does
not significantly affect our results.
bStandard error. The subscript ‘rel’ indicates a relative error.
cThis is the SFR measured across the MUSE field of view considered, rather than of the entire galaxy.
dThe gas conversion factor corresponds to αCO(1−0) in M (K km s−1 pc2)−1.
likely driven by early feedback mechanisms in FCC290, such
as photoionisation or stellar winds. This is consistent with
the results found in other galaxies with similarly low molecu-
lar gas surface densities, such as NGC300 (tfb = 1.5+0.2−0.2 Myr,
Kruijssen et al. 2019) and NGC5068 (tfb = 1.0+0.4−0.3 Myr,
Chevance et al. 2020).
6 DISCUSSION
6.1 The star formation relation in the Fornax
cluster
From Figure 2, Figure 3, and the figures in Appendix B, we
can conclude that depletion times of most galaxies in the
sample lie close to the K98 and B08 relations. The star for-
mation relation found in the Fornax cluster mostly overlaps
with those found by K98 and B08, but is, with few excep-
tions, shifted towards the short-depletion time end of the
B08 relation. This is noteworthy, as the study by B08 is
more similar to ours than that by K98 in terms of sample,
resolution, and use of molecular gas (see §1). There are some
observational differences that can contribute to this differ-
ence. First, we use CO(1-0) as a tracer for the molecular
gas rather than CO(2-1), used for most of the B08 sample.
This can affect the molecular gas measurements, for exam-
ple through the assumption of a line ratio (e.g. Rahman
et al. 2010). Second, the CO-to-H2 conversion factor can
make a difference in the star formation relation. Here we use
a conversion factor that varies with stellar mass/metallicity
(§3.1). However, this mostly results in an increase of the con-
version factor for the low-metallicity dwarf galaxies. There-
fore, using a constant XCO would give a lower ΣH2 for these
dwarfs, only moving them further away from the K98 and
B08 relations. Third, we use Hα as a star formation tracer
rather than UV + IR, used by B08. This traces the SFR on
shorter timescales (∼10 Myr rather than ∼100 Myr), which
can also affect the star formation relation. Another factor
is the increased number of early-type galaxies in our sample
compared to the field samples used by B08 (and K98), whose
star formation is often dynamically suppressed (e.g. Davis
et al. 2014). Last, it has been shown by various authors (e.g.
Schruba et al. 2010; Liu et al. 2011; Calzetti et al. 2012;
Williams et al. 2018) that the index of the star formation
relation can vary significantly depending on the resolution
of the observations. While both B08 and this work examine
the relation on sub-kpc scales, the resolution used by B08 is
MNRAS 000, 1–20 (2020)
14 N. Zabel et al.
.
λ
102 103 104
Aperture size [pc]
10−1
100
101
R
el
at
iv
e
ch
an
ge
of
ga
s-
to
-S
F
R
fl
u
x
ra
ti
o
Focus on ionised gas peaks
Focus on molecular gas peaks
tCO/tHα = 1.55
tfb/τ = 0.12
Figure 7. Left panels: CO (top) and Hα (bottom) maps of FCC290 after removing the diffuse emission (§5.1). The identified emission
peaks in each map are indicated with black crosses. Right panel: Relative change of the CO-to-Hα flux ratio compared to the galactic
average as a function of the aperture size, for apertures placed on CO emission peaks (blue) and Hα emission peaks (red). The error bars
indicate the 1σ uncertainty on each individual data point, whereas the shaded areas indicate the effective 1σ uncertainty range that
accounts for the covariance between the data points and should be used when visually assessing the quality of the fit. The horizontal
solid line indicates the galactic average and the dotted line is the best-fitting model (Kruijssen et al. 2018), which allows us to constrain
the molecular cloud lifecycle. The arrow indicates the best-fitting value of the region separation length λ. The ratios tCO/tHα (controlling
the asymmetry between the two branches) and tfb/τ (controlling the flattening of the branches) are indicated in the bottom-right corner.
Also compare to Kruijssen et al. (2019, Fig. 1), Chevance et al. (2020, Fig. 2), and Hygate et al. (2019, Fig. 2).
still a factor ∼2 worse than the resolution used here, which
could play a role (K98 used integrated measurements for en-
tire galaxies only). However, the integrated depletion times
in Figures 4, 5, and 6 correspond very well with the densest
areas in the star formation relations of the individual galax-
ies (see Appendix B), suggesting this does probably not play
a significant role.
Galaxies that have depletion times significantly shorter
than predicted by the K98 and B08 relations are the dwarf
galaxies FCC090 and FCC263, and the more massive, edge-
on spiral FCC312. Galaxies with significantly longer deple-
tion times are the dwarf FCC207 and the lenticular FCC167.
FCC184 has slightly increased depletion times of several
Gyrs. Figure 4 shows that most of these galaxies still have
depletion times within 1 σ of what is expected based on
their stellar mass. However, this figure is somewhat mis-
leading at the low-mass end due to the low number statis-
tics, and in reality there are probably more dwarf galaxies
with increased than decreased depletion times. Indeed, de
los Reyes & Kennicutt (2019) have shown that dwarf galax-
ies in the field have longer depletion times than spirals, and
therefore lie below the K98 relation. They also note that
second-order correlations with gas fraction, SMSD, and dy-
namical timescales can be important in dwarfs. In Paper I
we have seen that dwarf galaxies in Fornax have molecu-
lar gas fractions around an order of magnitude smaller than
expected based on observations of field galaxies due to envi-
ronmental processes, which could play a role here. All three
dwarf galaxies have disturbed molecular gas reservoirs, so
their star formation rates are likely enhanced by the tidal
interactions or ram pressure that cause these disturbances
and compress the molecular gas. Ram pressure is very effec-
tive at stripping the gas from dwarf galaxies (e.g. Venhola
et al. 2019). The depletion times of these dwarfs are longer
than the time it will take them to cross the cluster core (and
therefore reach the peak of their gas stripping; e.g. Boselli
et al. 2014b). They are therefore likely to be influenced by
RPS before depleting their gas reservoirs. Tidal disruptions,
on the other hand, should be less important (if they are
as dark matter dominated as similar galaxies in the field),
therefore favouring the latter as an explanation. It could be
that these galaxies have unusual chemical features as a result
of their bursty star formation histories, as seen for example
in Pinna et al. (2019a,b). This will be explored further in
future work.
With the exception of FCC263, which is closer (in pro-
jection) to the cluster centre than the other two, galaxies
with very short depletion times are located around the virial
radius of the cluster (Figure 6). This suggests that they are
on their first infall into the cluster, their gas being com-
pressed and stripped as they fall in. This explanation is sup-
ported by the observation that the galaxies with the short-
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est depletion times are less H2 deficient than the ones with
longer depletion times (Table 1), suggesting that they have
not yet spent much time in the cluster. There is, however,
one other galaxy in the sample with a disturbed molecular
gas reservoir, FCC207, that has increased rather than de-
creased depletion times (§B5). In projection (and redshift),
FCC207 is the galaxy closest to the BCG in the AlFoCS
sample. It is possible that it has passed the slight starburst
phase during its first infall. However, although it is more H2
deficient than the other dwarfs, the amount of gas present
that has had to have survived the infall in this case (Table
1, Table 3 in Paper I), makes this explanation unlikely. The
other possibility is that it is at the edge of the cluster along
the line of sight, in which case we underestimate its distance
from the BCG. In this case, it is possible that the starburst
has not yet started. In Figure B5 we can see a strong gradi-
ent in depletion times across the galaxy, suggesting that the
gas is compressed on one side due to ram pressure stripping
or tidal effects. This supports the idea that the galaxy is on
its first infall. A future study of the stellar population con-
tent from the MUSE data could help distinguish between
both scenarios.
The result that infalling objects in Fornax have rela-
tively short depletion times is somewhat different from what
has previously been found in several studies of the Virgo
cluster, which concluded that RPS and interacting galax-
ies here do not have significantly different depletion times
(Vollmer et al. 2012; Nehlig et al. 2016). Other studies of
the Virgo cluster did find, on the other hand, locally in-
creased SFRs in RPS galaxies (Lee et al. 2017). Perhaps the
differences with studies of the Virgo cluster originate from
a difference in sample, as most studies of the Virgo clus-
ter were performed using observations of higher-mass spiral
galaxies, whereas the shorter depletion times in the Fornax
cluster are largely driven by dwarf galaxies, which are more
susceptible to environmental effects (see also Paper I).
6.2 The star formation relation in individual
galaxies
There is significant scatter in the star formation relation of
most individual galaxies (Figure 2, the figures in Appendix
B). This is partly due to the statistical nature of these fig-
ures (§3), especially in case of the more extreme scatter
and galaxies with small angular sizes. In some cases (e.g.
FCC090, §B1 and FCC207, §B5) it is due to larger scale
variations within the galaxy, as a result of the stripping and
compression of the gas. Other, small scale variations (as can
be seen nicely in FCC290, §B7, see also §5, and FCC312,
§B9) are also seen in other studies (e.g. Bigiel et al. 2008;
Blanc et al. 2009; Onodera et al. 2010; Leroy et al. 2013), and
are generally contributed to individual regions in galaxies
undergoing independent evolutionary lifecycles of cloud as-
sembly, collapse, star formation, and disruption by feedback
(e.g. Schruba et al. 2010; Feldmann et al. 2011; Kruijssen &
Longmore 2014b). This small scale scatter can therefore be
directly related to the underlying evolutionary timeline of
the above processes see also §5.
6.3 Depletion time as a function of galaxy
parameters
6.3.1 Relation with stellar mass
In the xCOLD GASS sample, there is a shallow trend
between galaxies’ depletion times and stellar masses (the
Kendall’s tau value is ∼0.21 with a corresponding p-value of
∼ 4.7×10−7, Figure 4). Fornax galaxies follow a similar trend
that is possibly slightly steeper, with dwarf galaxies having
decreased and more massive galaxies having increased deple-
tion times. However, this partly depends on the true values
of the depletion times of FCC179 and FCC184, depending
on whether composite Hα or only Hα classified as star form-
ing is taken into account. Moreover, the numbers are small.
If FCC184 does indeed have increased depletion times com-
pared to the field, this can be explained by the fact that
early-type galaxies in clusters tend to be very regular and
relaxed, likely because they have not recently experienced
any mergers. Regular and relaxed gas reservoirs are more
susceptible to dynamical effects caused by the deep poten-
tial, which some studies have suggested suppress star for-
mation (Martig et al. 2009, 2013; Davis et al. 2014; Gensior
et al. 2019). A version of this Figure with Fornax and Virgo
galaxies shown only is provided in Appendix A.
6.3.2 Relation with stellar mass surface density
If we look at depletion times as a function of SMSD rather
than stellar mass (Figure 5), we can see there is a similar
weak trend in the xCOLD GASS data (the Kendall’s tau
value is ∼0.23 with a corresponding p-value of ∼ 8.5 × 10−8)
between these parameters in the field. Most Fornax galaxies
are close or within 1 σ of this field relation. FCC090, which
follows the trend with stellar mass in Figure 4, is below 1 σ in
this relation. This is likely because its elliptical morphology
predicts longer depletion times. However, due to its low mass
and shallow potential well, it is still more easily affected
by the cluster environment. Its depletion time is therefore
shorter than predicted by its SMSD. For this reason, galaxy
stellar mass appears to be a better predictor of depletion
times in the cluster than galaxy morphology as probed by
their SMSD.
6.3.3 Relation with cluster-centric distance
Figure 6 shows a clear trend between galaxy depletion times
and their distance from the cluster centre. Since massive el-
lipticals tend to be located closer to the cluster centre than
less massive spirals, this trend is likely at least partly driven
by galaxy mass/morphology rather than distance from the
cluster centre per se. In fact, if we compare this figure with
Figure 4, the weak correlation between depletion time and
stellar mass indeed seems mostly anti-correlated with the
trend with radial distance. Galaxies that do not follow this
anti-correlation are FCC207, FCC263, and FCC312. The
distance to FCC207 is likely underestimated as a result of
the projection, as we would not expect it to have any gas left
if it was actually only ∼100 kpc away from the cluster centre.
The same is possibly true for FCC263. FCC263 does show
evidence of either a merger or a strong bar, both of which
drive gas to the centre and increase the gas (surface) density,
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thus decreasing depletion times. FCC312 is located close to
the virial radius (in projection). Like the dwarf galaxies with
short depletion times, it is likely on its first infall into the
cluster, undergoing a slight starburst. Based on the loca-
tion of FCC312, and that of FCC207 if it is accurate, the
location of a galaxy within the cluster possibly affects its de-
pletion times in addition to its mass (and morphology), with
galaxies close to the virial radius, on their first infall, having
relatively short depletion times. However, it is difficult to
draw conclusions with the poor statistics and lower limits
on the distance from the BCG. Improved statistics and/or
simulations are needed in order to break the degeneracy be-
tween galaxy morphology and location in the cluster, and
see whether this relation holds independent of galaxy mor-
phology.
6.4 Star formation in stripped material
FCC90 is a dwarf elliptical galaxy with a tail of molecular
gas extending beyond its stellar body (Figure 2 and §B1).
There is a clear difference between depletion times in the
galaxy’s stellar body and in the tail, with a sharp transi-
tion. Depletion times in the galaxy body are low, around
0.5 Gyr. Depletion times in the tail are much higher, >10
times that in the stellar body. This is in agreement with
what is observed in RPS galaxies, for example by Ramat-
soku et al. (2019), who find that depletion times in the tail
of the JW100 RPS galaxy are ∼10 times smaller than those
in its disk. While this work studies Hi rather than H2, and
overall Hi depletion times are shorter than the H2 depletion
times found here, the clear split in tdep between the stel-
lar body and the gas tail, differing by a factor ∼10 in both
works, is in good agreement. This clear split in depletion
times was also observed by Moretti et al. (2018, 2019) in sev-
eral GASP galaxies. Jachym et al. (2019) find that molecular
gas directly stripped from the Norma jellyfish galaxy (ESO
137-001) does not form stars.
6.5 Sample bias
As described in §2.1, not all galaxies from Paper I are repre-
sented in this work. With the exception of the massive spiral
galaxy FCC121 (NGC1365), galaxies that were detected in
Paper I, but not studied here, are dwarf galaxies with dis-
turbed molecular gas reservoirs, and a spiral galaxy close to
the virial radius. As discussed above, the slightly decreased
depletion times observed in the Fornax cluster are driven
by disturbed dwarf galaxies and the spiral galaxy FCC312,
which is also close to the virial radius and likely experiencing
a slight starburst on its infall. If MUSE data were obtained
such that all these additional objects from Paper I could be
included in this study, this would double the number of dis-
turbed dwarf galaxies and add another spiral galaxy close
to the virial radius. If these galaxies are similar to the ones
studied here, this would move the star formation relation
in the Fornax cluster further away from the K98 and B08
relations. This would strengthen the conclusion that the ef-
fects of the cluster environment on the molecular gas content
of galaxies result in decreased depletion times compared to
field galaxies, likely due to the compression of molecular gas
as a result of environmental effects.
6.6 The inclusion of composite Hα
Comparing the cases using Hα from regions dominated by
star formation ionisation, and also including Hα from regions
with composite ionisation, only significantly changes the star
formation relation for a few galaxies. These are FCC179,
FCC184 (and FCC167, which has no Hα that is dominated
by star formation only, according to a BPT classification).
Both FCC179 and FCC184 harbour AGN, which contributes
to the ionised gas emission around the galactic centre. In our
star forming Hα versus star forming + composite Hα com-
parison, the star formation relations of these objects both
change visibly (Figures B3 and B4), though more signifi-
cantly in the case of FCC184. Its relation between molecu-
lar gas surface density and star formation surface density
becomes tighter in if we include composite spaxels, and
its average depletion time decreases significantly (Figures
4, 5, and 6). This suggests that while the AGN (and/or
shocks/old stars) dominates the production of higher ioni-
sation state lines such as [OIII]λ5007, it does not contribute
significant Hα emission in the composite emission-line re-
gions of this galaxy.
6.7 Spiral arm vs. interarm regions
FCC179 is a large spiral galaxy (§B3, Figure B3). From Fig-
ure B3d it appears that it is undergoing ram pressure strip-
ping, with both molecular gas and ionised gas being removed
from its east side. Furthermore, depletion times trace the
spiral arms in this figure, which have more efficient star for-
mation (tdep<2 Gyr) than the interarm regions (∼3 - 4 Gyr).
This implies that star formation in spiral arms is more effi-
cient than in interarm regions, which is in line with our cur-
rent understanding of spiral galaxies (e.g. Elmegreen 2011).
7 SUMMARY
We study the resolved star formation relation in the For-
nax cluster. CO is used as a tracer for molecular gas, and
Balmer decrement corrected Hα as a tracer for the star for-
mation rates. Resolved maps are obtained from ALMA and
MUSE observations, respectively. The resulting surface den-
sity maps are binned to the ALMA beam size using a flexible
binning method, for which we use a grid that we repeatedly
move by one pixel until all possible positions are covered.
The result is a set of different possible (star formation and
molecular gas) surface density maps for each galaxy, depend-
ing on the position of the grid. We combine the resulting
maps into one star formation relation for each galaxy. De-
pletion time maps of the individual galaxies are obtained
using the median gas and SFR surface densities of the pos-
sible maps in each pixel. We create two versions of each map
and and ΣH2−ΣSFR relation: one where only the star forming
Hα is taken into account according to a BPT classification,
and one where composite Hα is also considered. Besides star
formation plots for each individual galaxy, we combine the
possible values for each resolution element in the sample into
one ΣH2 − ΣSFR relation. Results are compared with the re-
lations found by Kennicutt (1998) and Bigiel et al. (2008).
We also show galaxy-average depletion times as a function of
stellar mass, stellar mass surface brightness, and distance to
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the cluster centre, and compare the results with similar rela-
tions for field galaxies from xCOLD GASS (Saintonge et al.
2017), ALLSMOG (Cicone et al. 2017), the HRS (Boselli
et al. 2010, 2014a), and ATLAS3D (Cappellari et al. 2011;
Young et al. 2011). Our main conclusions are as follows:
• The overall star formation relation in the Fornax clus-
ter is close to those found by K98 and B08, but lies towards
the short-depletion time end of the B08 relation. This is
mostly driven by dwarf galaxies with disturbed molecular
gas reservoirs, although there are some observational differ-
ences between the studies that possibly contribute to this
difference.
• Individual Fornax cluster galaxies lie in different loca-
tions on the star formation relation plane, their combined
depletion times covering more than two orders of magni-
tude. Most dwarf galaxies (with exception of FCC207, which
has significantly longer depletion times than expected) and
other galaxies close to the virial radius have depletion times
shorter than the typical value of 1-2 Gyr for spiral field
galaxies.
• Most galaxies exhibit significant scatter in their ΣH2 −
ΣSFR relations. Although some of this is due to edge-effects
and the statistical nature of the relations shown, it also in-
dicates a variety of depletion times on sub-galactic scales.
Depending on the galaxy, this scatter can be mostly to-
wards either lower or higher depletion times, or both equally.
For some galaxies this is mostly the results of larger scale
variations or gradients in depletion time (e.g. FCC090 and
FCC207), in others it reflects small scale variations as a
result of independent evolutionary lifecycles of clouds (e.g.
Schruba et al. 2010; Feldmann et al. 2011; Kruijssen & Long-
more 2014b). FCC290, for example, an almost face-on floc-
culent spiral, shows the largest and most symmetric scatter.
This reveals the spatial offsets between Hii regions and gi-
ant molecular clouds, and indicates the time evolution of
independent regions. We have applied the ‘uncertainty prin-
ciple for star formation’ to it, and find that it has relatively
short molecular cloud lifetimes of tCO = 9.3+2.6−2.2 Myr. Such
short cloud lifetimes are typically found for low-mass galax-
ies with low molecular gas surface densities (Chevance et al.
2020), similar to that measured in FCC290, despite a rela-
tively high total gas mass. At such low surface densities the
cloud lifetime is regulated by internal dynamical processes
rather than galactic dynamics, resulting in relatively short
cloud lifetimes. The characteristic distance λ ∼ 300 pc be-
tween individual regions is quite large in FCC290 compared
to λ ∼ 100 − 250 pc in similar galaxies in Chevance et al.
2020. This could be a result of the cluster environment.
• Fornax galaxies appear to follow the shallow trend in
depletion time with stellar mass seen in the field, possibly
with somewhat more extreme values at the low and high
mass ends, although statistics are poor. At the lower mass
end of the distribution this could be explained by the dwarf
galaxies in the cluster being more susceptible to effects from
the cluster environment, due to their shallow potentials. The
increased depletion times observed at the higher mass end
are likely due to the sample being limited to massive early-
types here. The HRS, which consists of spiral galaxies, and
includes galaxies in the Virgo cluster, shows a spread in de-
pletion times at the higher-mass end (see Appendix A for a
version of this Figure showing cluster galaxies exclusively).
• The same low-mass galaxies are outliers if we look at
depletion times as a function of stellar mass surface density
(defined here as 0.5 M/(piR2e)), which can be interpreted as
a proxy for galaxy morphology. However, since some low-
mass galaxies are dwarf ellipticals, and some higher-mass
galaxies are spirals, these outliers are no longer at the ex-
tremes of the distribution, and therefore there is a weaker
trend with SMSD than with stellar mass. Therefore, stellar
mass appears to be a better predictor of galaxy depletion
times, especially in clusters, where lower-mass galaxies are
more susceptible to environmental effects decreasing their
depletion times.
• There is a relatively clear correlation between me-
dian depletion time and the (projected) distance between
a galaxy and the cluster centre. It is, however, likely that
this trend is (partly) caused by mass/morphological type
rather than the distance itself. Massive ellipticals tend to be
located in the cluster centre, and lower mass galaxies, such
as spirals and dwarfs, are typically located further out. In
order to break the degeneracy between these two variables,
we need improved statistics and/or simulations.
• The dwarf galaxy FCC090 has a large molecular gas
tail, caused by either RPS or a tidal interaction. A similar
though slightly offset tail is seen in the ionised gas. A star-
burst is likely taking place in its stellar body as it is falling
into the cluster: depletion times there lie around ∼0.5 Gyr
rather than the usual 1-2 Gyr. Depletion times in its gas tail,
however, are much larger, typically around 10 times those
in the galaxy body, or longer. This is in line with results
from Moretti et al. (2018, 2019); Ramatsoku et al. (2019);
Jachym et al. (2019).
In conclusion, the star formation relation in the Fornax clus-
ter is close to the“traditional”ones (e.g. from K98 and B08),
but with slightly decreased depletion times. This is mainly
driven by dwarf galaxies with disturbed molecular gas reser-
voirs and galaxies possibly undergoing starbursts on their
first infall into the cluster.
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APPENDIX A: COMPARISON WITH THE
VIRGO CLUSTER
APPENDIX B: SF PLOTS, tdep MAPS, AND
DISCUSSION OF INDIVIDUAL GALAXIES
B1 FCC90
FCC90 (MCG-06-08-024) is a dwarf elliptical galaxy located
(in projection) close to the virial radius. It has a molecular
gas tail extending beyond its stellar body, either caused by
RPS or by a tidal interaction. The ionised gas also shows a
tail in the same location, but pointed in a slightly different
direction. Depletion times in the galaxy body are signifi-
cantly shorter than the “normal” 1-2 Gyr for nearby spiral
galaxies, and are distributed around ∼0.5 Gyr instead. In the
gas tail, on the other hand, depletion times are & 10 times
longer. This is in agreement with what is found in other gas
tails caused by RPS (Moretti et al. 2018; Ramatsoku et al.
2019; Jachym et al. 2019).
B2 FCC167
FCC167 (NGC1380) is an early-type galaxy with a nested
ISM, consisting of a molecular gas ring/disk located inside
a dust lane. Ionised gas is present throughout the galaxy
(Viaene et al. 2019). According to our BPT classification,
no star forming Hα is present in this galaxy. The majority
of the pixels are in the “composite” area of the diagram. The
ionised gas forms a tail at the south side of the galaxy, likely
because of RPS or an ongoing tidal interaction. Depletion
times are mostly around 1-2 Gyr, although there is some
scatter towards shorter depletion times.
B3 FCC179
FCC179 (NGC1386) is a barred spiral galaxy, that also har-
bours an AGN. This results in a significant difference be-
tween the left (only Hα dominated by star formation) and
right (composite Hαconsidered also) columns in Figure B3.
If only the star forming Hα is taken into account, there is
significant scatter in the star formation relation. The rela-
tionship is tighter when composite Hα is considered. Deple-
tion times are shorter in the spiral arms compared to the
inter-arm regions. The shortest depletion times at high Hα
surface densities originate from the region around the AGN,
and are therefore potentially contaminated. The distribu-
tion of the ionised gas at the east-side of the galaxy, as well
as two separate blobs of molecular gas, could be a sign of
ongoing ram pressure stripping.
MNRAS 000, 1–20 (2020)
20 N. Zabel et al.
109 1010 1011 1012M  (M )
10−2
10−1
100
101
102
De
ple
tio
n t
im
e (
Gy
r)
FCC207
FCC312
FCC290
FCC179
FCC090
FCC263
FCC184
FCC308
FCC167
Regular CO
Disturbed CO
SF + composite
SF H
(a)
Figure A1. Similar to Figure 4, but with data from the Virgo cluster only. Purple markers are ETGs from ATLAS3D, and pink markers
are galaxies from the HRS. High-mass Fornax galaxies have long depletion times compared to these samples (especially the HRS),
probably because they are ETGs, while the HRS consists of spiral galaxies only. The low-mass end of the HRS agrees well with the
Fornax data, both show a spread in depletion times here.
B4 FCC184
FCC184 (NGC1387) is a lenticular galaxy. It also harbours
an AGN, and again, most of the pixels in the ionised gas map
were classified as“composite”. Depletion times in this galaxy
also vary significantly depending on whether composite Hα
is included or not. If only star forming Hα is considered,
depletion times are long (up to tens of Gyrs) and show large
variations. If composite Hα is included, depletion times are
a few Gyrs, showing an extremely tight relationship between
the H2 and SFR surface densities.
B5 FCC207
FCC207 is a dwarf galaxy. It has relatively long depletion
times, closer to 10 Gyr than to 1 Gyr. Molecular and ionised
gas are present throughout the galaxy, but depletion times
are significantly longer on the west-side compared to the
east-side. FCC207 is the only dwarf galaxy with a disturbed
molecular gas reservoir that has increased depletion times,
rather than decreased. All Hα in this galaxy is dominated
by star formation, so the left and right columns (SF Hα vs.
composite + SF Hα) in Figure B5 are identical.
B6 FCC263
FCC263 (PGC013571) is another dwarf galaxy with a dis-
turbed molecular gas reservoir. Its molecular gas morphol-
ogy and kinematics suggests that it either has a strong bar or
has undergone a recent merger. The molecular gas is much
more centrally distributed than the ionised gas, resulting in
identical ΣH2 − ΣSFR relations in the left and right columns
(the Hα that is added in the right column does not overlap
with any molecular gas). Depletion times in this galaxy are
significantly shorter than 1 Gyr, and show significant scat-
ter. There are various patches of shorter and longer depletion
times.
B7 FCC290
FCC290 (NGC1436) is a flocculent spiral that is almost
face-on. This makes it an ideal candidate for comparing the
molecular and ionised gas distributions, without suffering
too much from inclination effects. Although not all of the
galaxy is covered by the MUSE observations, the data should
be representative of the entire galaxy. Although not all Hα
in this galaxy is star forming, the resulting ΣH2 − ΣSFR re-
lations for both cases are very similar, with slightly more
scatter in the star formation rate surface densities in the
case where only star forming Hα is taken into account. The
spread in depletion times in this galaxy is large, with the
densest area in the plot varying from less than a Gyr to up
to 10 Gyr. It is strikingly symmetric in both directions, and
the maps reveal both areas of increased and decreased deple-
tion times. This suggests that the Hα and CO do not overlap
perfectly, their offset possibly revealing the time passed since
the OB stars were actually formed (see §5). The bulk of the
depletion times is around the “standard” 1-2 Gyr.
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Figure B1. Top row: Relation between the molecular gas and star formation rate surface densities for FCC90. The colours of the
markers indicate the density around the data point in this plane, determined using a Gaussian kernel density estimation. Lines of
constant depletion times (0.1, 1, and 10 Gyr) are shown. The galaxy name is indicated in the upper left corner, and whether composite
Hα or only the star forming Hα is used is indicated in the lower right corner. FCC90 deviates from the “standard” H2 depletion time of
1-2 Gyr often found in field galaxies (e.g. Leroy et al. 2008, Saintonge et al. 2012, Figure 4) by a factor 5-10. Bottom row: depletion
time maps of FCC90. Maps were made both taking into account composite and star forming Hα (right column) and considering only
purely star forming Hα (left column). Whether composite Hα or only the star forming Hα is considered is indicated in the lower right
corner. The maps are overplotted on optical (g-band) images from the Fornax Deep Survey (FDS, Iodice et al. 2016, 2017; Venhola et al.
2017, 2018, Peletier et al., in prep.). The extent of the CO emission is indicated with a cyan contour, and that of the Hα emission with
a yellow contour (both clipped at the 3σ level). The beam of the ALMA observations is shown in the lower left corner, and the FCC
number of the galaxy is indicated in the upper left corners. Depletion times are short in the galaxy’s body (< 0.5 Gyr), but long in the
gas tail (2 Gyr).
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Figure B2. Similar to Figure B1, but for FCC167. FCC167 has no star forming Hα, so only one (equivalent to the right column in
Figure B1) column is shown. Depletion times are long, significantly longer than 10 Gyr in almost all regions.
B8 FCC308
FCC308 (NGC1437B) is a very blue galaxy with a disturbed
molecular gas reservoir. The ionised gas is distributed some-
what more widely than the molecular gas, but generally fol-
lows the same distribution. As the Hα that is not domi-
nated by star formation does not overlap with any molec-
ular gas, there is very little difference between the left and
right columns in Figure B8. As could be expected from its
colour, depletion times are short in this galaxy, well below 1
Gyr. There is some scatter in the ΣH2−ΣSFR relation towards
longer depletion times, mostly resulting from the north-west
of the galaxy where the edges of the detected CO and Hα
emission are very close together. Throughout the rest of the
galaxy there also is some variation in depletion times.
B9 FCC312
FCC312 (ESO358-G063) is a large spiral galaxy located
around the virial radius of the cluster (in projection). There
is some scatter in the depletion times due to small scale vari-
ations clearly visible in the maps. Depletion times are on
the short side (mostly slightly shorter than 1 Gyr, but much
shorter in some locations). Most of the Hα is star forming
and extends more widely than the molecular gas, resulting
in very similar ΣH2 −ΣSFR relations in the cases where com-
posite Hα is taken into account versus the star formation
dominated Hα only. The exception is a slight “chip” in the
north-west of the galaxy (indicated with a blue/white ar-
row); this is likely due mosaic effects in the MUSE data.
FCC312 is possibly undergoing a slight starburst as it is
entering the cluster.
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Figure B3. Similar to Figure B1, but for FCC179. The majority of the points are close to the 1 Gyr depletion time line, but the slope
of the SF plot is quite steep, especially when only SF Hα is considered. The latter forms a ring around the galactic centre.
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Figure B4. Similar to Figure B1, but for FCC184. The SF plot for composite + star forming Hα is very tight and around the expected 2
Gyr depletion time line. It is quite sparse for the star forming SF only, because that only forms a patchy ring around the galactic centre.
Nearly all other Hα in this galaxy is in the transition region of the BPT diagram, so in reality there is likely some more star forming
Hα, and the true SF relation plot is in between the left and right one.
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Figure B5. Similar to Figure B1, but for FCC207. Although there is a gradient in depletion times, suggesting compression of the
molecular gas as a result of the galaxy’s first infall into the cluster, depletion times in FCC207 are long, varying between several Gyrs
and several tens of Gyrs. It is possible that the slight starburst seen in other dwarf galaxies on their first infall has not yet started, or
has already passed.
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Figure B6. Similar to Figure B1, but for FCC263. There is some spread in the SF relation, and depletion times are around 0.5 Gyr.
The CO is more concentrated than the Hα, and there are some regions where the depletion times are relatively long.
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Figure B7. Similar to Figure B1, but for FCC290. There is some spread in the SF plot, but the majority of the points lie around the
2 Gyr line. The variation in depletion times can be seen in the maps. The MUSE field of view does not cover the entire galaxy, but
the area covered should be quite representative of the entire object. There is a large spread in depletion times, that is quite symmetric
around the 2 Gyr depletion time line.
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Figure B8. Similar to Figure B1, but for FCC308. Depletion times are relatively short, and vary slightly throughout the galaxy. There
is a small patch in the north-west of the galaxy where CO is detected, but not Hα.
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Figure B9. Similar to Figure B1, but for FCC312. Depletion times in this galaxy are relatively short: most resolution elements have
depletion times shorter than 1 Gyr. The long depletion time area in the lower-left panel, in the centre of the top half of the galaxy
(indicated with a blue/white arrow), is due to mosaicking effects in the MUSE data: a small fraction of the galaxy was not covered by
the mosaic, resulting in an overestimation of the depletion time here.
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